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Abstract
The neutrino oscillation probabilities at the long-baseline accelerator neutrino experiments are
expected to be modified by matter effects. We search for evidence of such modification in the data
of T2K and NOνA, by fitting the data to the hypothesis of (a) matter modified oscillations and (b)
vacuum oscillations. We find that vacuum oscillations provide as good a fit to the data as matter
modified oscillations. We also find that an analysis done with vacuum oscillations hypothesis leads
to a better agreement between the best-fit points of T2K and NOνA compared to an analysis
done with matter modified oscillations hypothesis. Even an extended run of T2K and NOνA,
with 5 years each in neutrino and anti-neutrino modes, can not make a 3 σ distinction between
vacuum and matter modified oscillations. The proposed experiment DUNE, with 5 years each in
neutrino and anti-neutrino modes, can rule out vacuum oscillations by itself at 5 σ if the hierarchy
is normal. If the hierarchy is inverted, a 5 σ discrimination against vacuum oscillations requires
the combination of (5ν + 5ν¯) runs of T2K, NOνA and DUNE.
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I. INTRODUCTION
Neutrino oscillations provide a signal for physics beyond standard model. Over the past
20 years, a large number of experiments have determined neutrino oscillation parameters to
better and better precision. Of these, there are two different types of oscillations, one driven
by a smaller mass-squared difference (labelled ∆21 by convention) and another driven by a
larger mass-squared difference (labelled ∆31 by convention). The first hint of the oscillations,
driven by the larger mass-squared difference ∆31, was noted in the deficit of upgoing atmo-
spheric νµ/ν¯µ events by the pioneering water Cerenkov detectors IMB [1, 2] and Kamiokande
[3, 4]. The atmospheric neutrino experiment Super-Kamiokande [5] and the long-baseline
accelerator neutrino experiments MINOS [6], T2K [7] and NOνA [8] observed the spectral
distortions in the survival probabilities of νµ and ν¯µ. Initial analysis of these distortions was
done under the hypothesis of vacuum oscillations and the values of the oscillation pa-
rameters |∆31| and sin 2θ23 were obtained. These experiments could not distinguish between
positive and negative values of ∆31. The case of positive ∆31 is called normal hierarchy
(NH) and that of negative ∆31 is called inverted hierarchy (IH). For sin 2θ23 < 1, the same
value is realized by two different values of θ23, one < 45
◦ in the lower octant (LO) and the
other > 45◦ in the higher octant (HO).
Due to the propagation of the neutrinos through earth matter, it is expected that the
oscillation probabilities would be modified by matter effects. These matter effects are sen-
sitive to the sign of ∆31 and their observation can lead to a determination of this sign. For
baselines less than 1000 km, the matter effects lead to negligibly small changes in νµ/ν¯µ
survival probabilities [9]. Thus, the νµ/ν¯µ disappearance data of accelerator neutrino ex-
periments lead to essentially the same values of |∆31| and sin 2θ23 for the three cases: (a)
vacuum oscillations, (b) matter oscillations with NH and (c) matter oscillations with IH. In
the case of atmospheric neutrinos, the survival probabilities Pµµ and Pµ¯µ¯ are expected to
undergo significant changes due to matter effects. However, at present Super-Kamiokande
is able to make only a small distinction between them [10]. A number of studies [9, 11–13]
explored the sensitivity of future atmospheric neutrino detectors to observe these matter
effects and determine whether ∆31 is positive or negative (or whether hierearchy is NH or
IH).
In the long-baseline accelerator experiment, the νe/ν¯e appearance data is sensitive to
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matter effects [14, 15]. But they are also sensitive to the unknown CP violating phase δCP.
Given a set of data, three solutions are likely to occur [16, 17]:
• matter modified oscillations with NH and δ1CP,
• vacuum oscillations and δ2CP and
• matter modified oscillations with IH and δ3CP.
Unless the question of vacuum vs matter modified oscillations is resolved, it may not be
possible to make an accurate measurement of δCP. Establishing CP violation in neutrino
oscillations is one of the most important goals of both current and future long-baseline
accelerator neutrino experiments. To achieve this goal, it becomes important to establish a
distinction between vacuum oscillations and matter modified oscillations.
The neutrinos are expected to undergo coherent forward scattering while passing through
matter. The effect of this scattering is parametrized by the Wolfenstein matter term [18]
A(in eV2) = 0.76× 10−4ρ(in gm/cc)E(in GeV), (1)
where ρ is the density of matter and E is the energy of neutrino. The presence of this
matter term modifies both the mass-square differences and the mixing angles and hence the
neutrino survival/oscillations probabilities. Matter effects play a crucial role in the solution
for solar neutrino deficit [19–21]. The existence of matter effects in oscillations driven by
∆21 is established at a significance better than 5 σ [22]. However, as mentioned above, there
is no evidence as yet for matter effects in the oscillations driven by ∆31. The existence of
matter effects at this scale should be verified independently, just as the oscillations by the
two different mass-squared differences are established indepedently.
Two current long-baseline accelerator neutrino experiments, T2K [23] and NOνA [24],
are looking for evidence of the matter modification of oscillation probabiliies. These exper-
iments measure the survival probabilities, P (νµ → νµ) and P (ν¯µ → ν¯µ), and the oscillation
probabilities, P (νµ → νe) and P (ν¯µ → ν¯e). For baselines of the order of 1000 km or less,
the changes in survival probabilities are negligibly small but the changes in the oscillation
probabilities are significant (≈ 9% for T2K and ≈ 25% for NOνA [15]). Hence the ability
of these experiments to search for matter term comes essentially from the measurement of
P (νµ → νe) and P (ν¯µ → ν¯e). The expression for matter modified P (νµ → νe) for these
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experiments is given by [25, 26]
P (νµ → νe) = sin2 2θ13 sin2 θ23 sin
2 ∆ˆ(1− Aˆ)
(1− Aˆ)2 +
α cos θ13 sin 2θ12 sin 2θ13 sin 2θ23 cos(∆ˆ + δCP)
sin ∆ˆAˆ
Aˆ
sin ∆ˆ(1− Aˆ)
1− Aˆ , (2)
where ∆ˆ = 1.27∆31L/E, Aˆ = A/∆31 and α = ∆21/∆31. The expression for P (ν¯µ → ν¯e)
is obtained by replacing A by −A and δCP by −δCP. We note that these two probabilities
depend not only on the unknown hierarchy but also on the two other unknowns δCP and
the octant of θ23. For T2K and NOνA, the change induced by matter effects is similar in
magnitude to the change induced by choosing a different but allowed value of δCP and/or
θ23 [27]. Therefore, it is possible to cancel the change induced by the matter effects by
choosing a wrong value of δCP and/or θ23. Hence establishing unambiguous evidence for
matter effects at long-baseline experiments is non-trivial.
In this work we study the distinction made by the present data of T2K and NOνA between
vacuum oscillations and matter modified oscillations (for both hierarchies). We find that
matter modified oscillations with normal hierarchy do provide the best fit solution to the data
but the vacuum oscillations provide nearly as good a fit. We also consider the ability of T2K
and NOνA to make a distinction by the end of their runs. We find that a 3 σ discrimination
is not possible even if each experiment has a (5ν + 5ν¯) run (that is, 5 years each in neutrino
and anti-neutrino modes). We further study the ability of the future experiment DUNE
to make such a discrimination. The baseline and hence the energy of the neutrino beam
of DUNE are larger which lead to larger changes in P (νµ → νe) and P (ν¯µ → ν¯e) due to
matter effects. A one year neutrino run of DUNE by itself can make a 3 σ discrimination
between matter and vacuum oscillations, if the hierarchy is normal. Addition of the T2K
and NOνA data to one year of DUNE data leads only to a small improvement in this
discrimination. Vacuum oscillations can be ruled out at 5 σ, for both normal and inverted
hierarchies, by the combined T2K (5ν + 5ν¯), NOνA (5ν + 5ν¯) and DUNE (5ν + 5ν¯) runs.
II. ANALYSIS PROCEDURE
We use the following procedure to generate our results. We calculated the theoretical
event spectra with three flavour oscillations using GLoBES [28, 29], for the appearance and
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disappearance channels in both neutrino and anti-neutrino modes for T2K and for NOνA.
We have tuned the efficiencies in the software such that we get a match with the observed
number of events when the best-fit oscillation parameters are used as input. These rates
are calculated with the matter potential parametrized as q ∗ A, where A is the standard
Wolfenstein matter term and q is a multiplicative factor. In this analysis, we consider the
possibility of non-standard matter term, as was done in ref. [10]. The following inputs are
used in our calculations: the solar neutrino parameters sin2 θ12 and ∆21 were held fixed at
0.31 and 7.39 × 10−5 eV2 respectively. The values of sin2 θ13 were varied in its 3σ range
around its central value 0.02237 (0.02259) with σ = 0.00066 (0.00065) for NH (IH). The
values of sin2 θ23 were varied in its 3σ range around its central value 0.563 (0.565) with
σ = 0.024 (0.022) for NH (IH). The value of |∆31| was varied in its 3σ range around its
central value 2.528 × 10−3 eV2 (2.510 × 10−3 eV2) with σ = 0.031 × 10−3 eV2 for NH (IH).
The CP violating phase δCP is varied in its full range (0, 360
◦). The best-fit values and the
3 σ ranges of the measured neutrino oscillation parameters are taken from ref. [30, 31]. The
theoretical event rates are calculated separately for both the test hierarchies, NH and IH.
The non-standard matter interaction parameter q is varied between (0, 2). The value q = 0,
of course, stands for vacuum oscillations.
In the first instance, we compare these theoretical event rates with the present data of
T2K and NOνA. This is done by computing the χ2 between the theory and data for each
of the four data sets of each experiment. For a particular experiment and for a particular
data set, the Poissonian χ2 is calculated using the expression
χ2 =
∑
i
2[(N thi −N expi ) +N expi × ln(N expi /N thi )] +
∑
j
[2×N thj ] + χ2(sys), (3)
where i stands for bins for which N expi 6= 0 and j stands for bins for which N expj = 0.
The term χ2(sys) arises due to systematic uncertainties. For each of the two experiments,
we included systematic uncertainties of 10%, using the pull method. We varied the pull
parameter in 3σ range and marginalized over it to determine χ2m as a function of test values
of oscillation parameters, mass hierarchies and q. As explained in the introduction, the
disappearance data in these experiments has negligible sensitivity to matter effects. The
main sensitivity comes from the appearance data, which has a limited number of events
because of the small value of θ13. The appearance events are significant in a small number
of energy bins. The sensitivity to matter effects is more dependent on the total number
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of apperance events than on the energy distribution. The largest systematic uncertainty in
this number is in the number of expected νµ events in the case of no oscillations. We took
this systematic uncertainty to be 10% and neglected the small variation across the small
number of energy bins.
We calculated the total χ2 for both NH test and IH test as
χ2(tot) = χ2m(NOνA ν app) + χ
2
m(NOνA ν¯ app) + χ
2
m(T2K ν app)
+χ2m(T2K ν¯ app) + χ
2
m(NOνA ν disapp) + χ
2
m(NOνA ν¯ disapp)
+χ2m(T2K ν disapp) + χ
2
m(T2K ν¯ disapp) + χ
2(prior). (4)
We added priors on sin2 θ13, sin
2 θ23 and |∆31|. During the calculation of χ2(tot), we have
to keep in mind that the test values of the oscillation parameters are the same for all the
individual χ2s. This quantity χ2(tot) is a function of test values of oscillation parameters,
hierarchies and q. We found the minimum of χ2(tot) and subtracted it from all other values
of χ2(tot) to obtain ∆χ2 as a function of test values of oscillation parameters, hierarchies
and q. At the last step, we marginalized ∆χ2 over all the oscillations parameters but not
over hierarchy and q.
In later stages we simulated the expected data from the future runs of T2K and NOνA
and also the runs of the future experiment DUNE. These simulations were done with the
best fit values [30] of mass-squared differences, mixing angles, δCP and q = 1. These were
done separately for both NH and for IH as true hierarchy. The results of these simulations
were used as data and the theoretical event rates and χ2 were calculated as described earlier.
In the case of this calculation, χ2 is equivalent to ∆χ2.
III. RESULTS
A. From present data
So far NOνA has taken data 8.85 × 1020 POT in ν mode and 12.33 × 1020 POT in ν¯
mode. The disappearance and appearance spectra for both modes are given in ref. [32]. At
present, T2K has taken data with 14.9 × 1020 POT in ν mode and 16.4 × 1020 POT in ν¯
mode [33]. The appearance event spectra (for both ν and ν¯ modes) are given in ref. [33]
but the disappearance event spectra for the full data set are not available. Ref. [34] gives
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the disappearance spectra for 14.7 × 1020 POT in ν mode and 7.6 × 1020 POT in ν¯ mode.
We use the above mentioned spectra in our analysis. As explained in the introduction, the
change induced in the survival probabilities due to matter effects is quite small. Therefore,
we expect that our results would remain the same even when the disappearance spectra of
the full T2K data are used in the analysis.
The above data set, with 152 data points, was fit to the hypothesis of three flavour
oscillations with variable matter term as described in the previous section and the results
are displayed in fig. 1. The minimum χ2 = 173.2 occurs for ∆31 positive and q = 0.7.
Standard matter oscillations with NH (q = 1) has essentially the same χ2 whereas the
standard matter effects with IH are disfavored by a ∆χ2 = 4.5. It is interesting to note
that vacuum oscillations (q = 0) provide nearly as good a fit to the data as matter modified
oscillations with NH (with χ2 = 173.8).
To explicitly verify that the best-fit vacuum oscillations provide nearly as good a fit to the
data as the best-fit matter modified oscillations, we have plotted the observed appearance
event numbers in both neutrino and anti-neutrino modes for the two experiments, along
with the predicted rates. The results are shown in fig. 2. From the plots in this figure,
we note that there is hardly any difference between the predictions of vacuum and matter
modified oscillations and each fits the data very well.
As stated in the introduction, the best-fit value of δCP depends on the oscillation hy-
pothesis that is used to fit the data. In fig. 3, we show the best-fit points and 1 σ contours
of T2K data, NOνA data and T2K+NOνA data for the two cases of matter modified and
vacuum oscillations. Comparing the two cases, we find that the best-fit point of T2K is
essentially the same for both vacuum and matter modified oscillations whereas the best-fit
value of δCP in the case of NOνA strongly depends on the oscillation hypothesis used in the
fit. It is also interesting to note that there is less discrepancy between the best-fit points
of the two experiments in the case of vacuum oscillations than in the case of matter modified
oscillations.
B. Expectation from extended runs of T2K and NOνA
We now consider the ability of extended runs of T2K and NOνA to establish matter
modified oscillations. Using GLoBES, we simulated event spectra of T2K for 37.4 × 1020
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FIG. 1: ∆χ2 vs q for the present data of T2K and NOνA. The data of NOνA consists of 8.85× 1020
POT in ν mode and 12.33× 1020 POT in ν¯ mode. The appearance data of T2K consists of 14.9× 1020
POT in ν mode and 16.4× 1020 POT in ν¯ mode. The disappearance data of T2K consists of 14.7× 1020
POT in ν mode and 7.6× 1020 POT in ν¯ mode. The minimum χ2, for 152 data points is 173.2. The blue
(red) curve is for NH (IH). Note that vacuum oscillations (q = 0) also provide a good fit to the data.
POT each in both ν and ν¯ mode corresponding to a five year run in each mode. The
simulation for NOνA was done for 30.25 × 1020 POT each in both ν and ν¯ mode, again
corresponding to a five year run in each mode. We used the best fit values, taken from the
global fits [30, 31], for the neutrino oscillation parameters in doing these simulations, which
were done separately for NH being the true hierarchy and for IH being the true hierarchy.
The simulated data is analyzed in the manner described in section 2 and the results are shown
in fig. 4. We note that such an extended run rules out IH at 3 σ if NH is the true hierarchy
but rules out NH only at 2 σ if IH is the true hierarchy. We also note that, no matter what
the true hierarchy is, the vacuum oscillations have a very small ∆χ2 ' 2. Therefore the
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FIG. 2: The observed number of events in appearance mode (shown as stars) and the corresponding
predictions from vacuum oscillations (blue histogram) and matter modified oscillations (black histogram)
for T2K (upper row) and NOνA (lower row). The figures in the left panels are for νe appearance and those
in the right panels are for ν¯e appearance.
combined data of T2K and NOνA cannot distinguish between matter modified oscillations
and vacuum oscillations.
C. Expectation from DUNE
The future long-baseline accelerator neutrino experiment DUNE [35–37] is designed to
disentangle the changes due to matter effects from the changes due to δCP. Its baseline
(L ' 1300 km) is much longer than that of T2K or NOνA. Its peak energy is correspondingly
higher and matter effects larger. Therefore, it is expected that it will have a much better
ability to rule out vacuum oscillations. Fig. 5 shows the ability of one year neutrino run of
DUNE to establish matter modified oscillations. We note that vacuum oscillations are ruled
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FIG. 3: The best-fit points and 1 σ contours of T2K data (thin dashed lines), NOνA data (thick dashed
lines) and T2K+NOνA data (solid lines) for the case of matter modified oscillations (left panel) and
vacuum oscillations (right panel).
out at 3 σ if the true hierarchy is NH but only at 2 σ if the true hierarchy is IH. Addition
of T2K (5ν + 5ν¯) and NOνA (5ν + 5ν¯) runs leads only to a marginal improvement but not
3 σ discrimination. In order to consider a 5 σ discrimination against vacuum oscillations,
we did a simulation of DUNE (5ν + 5ν¯) run. Here again, we find that a 5 σ discrimination
is possible only if the true hierarchy is NH but not if the true hierarchy is IH. However,
a 5 σ discrimination is possible for both hierarchies if the data of DUNE (5ν + 5ν¯) run is
considered in conjunction with T2K (5ν + 5ν¯) and NOνA (5ν + 5ν¯) runs, as illustrated in
fig. 6. We also note from this figure that values of q out side the range (1 ± 0.4) are ruled
out at 3 σ or better.
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FIG. 4: ∆χ2 vs q for an expected T2K run with 37.4× 1020 POT each in both ν and ν¯ mode and a
NOνA run with 30.25× 1020 POT each in both ν and ν¯ mode. The left (right) panel assumes the true
hierarchy to be normal (inverted). The blue (red) curves assume the test hierarchy to be normal
(inverted). Note that data of T2K + NOνA has no ability to discriminate against vacuum oscillations
even with such long exposure.
IV. CONCLUSIONS
Matter effects allow us to determine the sign of neutrino mass-squared differences. The
existence of matter effects at the scale of ∆21 is well established [22]. However, at the scale
of ∆31, vacuum oscillations fit the data nearly as well as matter modified oscillations. This is
true for both atmospheric neutrino data [10] and for present long-baseline accelerator data,
as demonstrated in this work. We find that the best-fit solutions of T2K and NOνA are
in better agreement if they are fitted using vacuum oscillation hypothesis rather
than matter modified oscillation hypothesis. We also show that even extended runs of T2K
and NOνA have no discriminating ability against vacuum oscillations. A 3 σ discrimination
11
 0
 2
 4
 6
 8
 10
 12
 0  0.5  1  1.5  2
NH true
q
∆χ2
NH test
IH test
0.5 1 1.5 2
IH true
NH test
IH test
FIG. 5: ∆χ2 vs q for an expected one year neutrino run of DUNE (14.7× 1020 POT). The left (right)
panel assumes the true hierarchy to be normal (inverted). The blue (red) curves assume the test hierarchy
to be normal (inverted).
against vacuum oscillations can be achieved with one year neutrino run of DUNE, if NH is
the true hierarchy but not if IH is the true hierarchy. Ruling out vacuum oscillations at 5 σ
requires the combined data of (5ν + 5ν¯) runs of T2K, NOνA and DUNE. Such a data can
also establish the strength of matter effects with good precision.
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